In magnetoelectrically coupled CoFe 2 O 4 -BiFeO 3 nanostructures vertical and lateral lattice parameters of both phases are determined. We find that the in-plane lattice parameter of CoFe 2 O 4 is fully relaxed whereas it presents compressive strain along the out-of-plane direction. Although the CoFe 2 O 4 -BiFeO 3 interface is semicoherent, CoFe 2 O 4 out-of-plane lattice strain is not relaxed after selective removal of the matrix and thus it is of nonelastic origin. In spite of the absence of elastic residual strain caused by CoFe 2 O 4 -BiFeO 3 interfaces, the two phases are mechanically coupled as demonstrated by the electrical switching of the magnetization.
In magnetoelectrically coupled CoFe 2 O 4 -BiFeO 3 nanostructures vertical and lateral lattice parameters of both phases are determined. We find that the in-plane lattice parameter of CoFe 2 O 4 is fully relaxed whereas it presents compressive strain along the out-of-plane direction. Although the CoFe 2 O 4 -BiFeO 3 interface is semicoherent, CoFe 2 O 4 out-of-plane lattice strain is not relaxed after selective removal of the matrix and thus it is of nonelastic origin. In spite of the absence of elastic residual strain caused by CoFe 2 O 4 -BiFeO 3 interfaces, the two phases are mechanically coupled as demonstrated by the electrical switching of the magnetization. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3204464͔ Magnetoelectric coupling in biferroic self-assembled epitaxial nanostructures occurs indirectly via the elastic coupling. [1] [2] [3] [4] Although theoretical models [4] [5] [6] point out the importance of the residual strains in the magnetoelectric coupling, there is limited information on the lattice strains in ferromagnetic nanostructures in a ferroelectric matrix. It was reported 7 compressive residual strain of PbTiO 3 ͑PTO͒ in PTO-CoFe 2 O 4 ͑CFO͒, and elastic coupling was evidenced by deformation of the ferromagnetic phase during heating across the Curie temperature of PTO. In a high resolution transmission electron microscopy ͑HRTEM͒ study of NiFe 2 O 4 -BiFeO 3 ͑BFO͒ nanostructures, the interfaces between the two nanocomposite phases were found to be fully relaxed. 8 In the case of CFO-BFO nanostructures, the only system where the reversal of magnetization by electric field at room temperature has been demonstrated, 2 only out-ofplane unit cell parameter values are reported. 9, 10 In contrast, a detailed study of lattice strains was reported for BFO-Sm 2 O 3 columnar nanocomposite heteroepitaxial films on SrTiO 3 ͑001͒ ͑STO͒, 11 showed that the vertical strain of both phases was determined by the mechanical interaction between BFO and Sm 2 O 3 , rather than by the stress caused by the substrate.
We have measured all strains in CFO-BFO nanostructures. CFO is in-plane relaxed but out-of-plane strained, with semicoherent CFO-BFO interfaces. CFO does not relax after selective removal of the BFO phase and thus its residual strain is of nonelastic nature. We show switching of the magnetization of the CFO nanopillars by appropriate poling of the ferroelectric phase. This indicates that magnetoelectric coupling can occur in nanocomposites with semicoherent ferroelectric-ferromagnetic interfaces and absence of elastic residual strain between the two phases.
Nanocomposites with thickness in the 100-200 nm range were deposited at a rate of around 0.9 Å/s on STO substrates at temperatures in the 625-675°C range by pulsed laser deposition ͑KrF laser, 5 Hz͒ using a BFO-CFO target with molar ratio of 65:35. 10 The lattice strain was analyzed by x-ray diffractometry ͑XRD͒ with Cu K␣ radiation and by HRTEM. Some samples were etched with HCl ͑10%, 75 s͒ to selectively remove the BFO phase. Atomic force microscopy ͑AFM͒, field emission secondary electron microscopy ͑SEM͒ and energy dispersive x-ray spectroscopy ͑EDX͒ were used to study morphology and composition. In a sample on Nb-doped STO, scanning probe microscopy was used to locally switch the ferroelectric polarization of the BFO matrix, and detect accompanying changes in the CFO magnetic domain structure.
The surface and bulk microstructure was studied by AFM and TEM, respectively. AFM images in Figs. 1͑a͒ and 1͑b͒ show CFO pyramids protruding from the BFO matrix. The histogram of the local slope in Fig. 1͑d͒ , evidences that pyramids are oriented along ͓110͔ directions and are ͕111͖ faceted. The cross-section low-magnification TEM image in Fig. 1͑c͒ shows some CFO nanopillars with truncated pyramidal shape at the surface and BFO regions with flat top surface. The average thickness is around 180 nm, having the two CFO nanopillars at the left of the image a height-width aspect ratio around two.
XRD confirms likewise the formation of epitaxial BFO and CFO phases. 10 In Fig. 1͑e͒ we present a zoom of a -2 diffraction pattern. The peak around 45.78°, labeled R, corresponds to the BFO͑002͒; its position matches the position of bulk BFO ͑c BFO = 3.96 Å͒ thus signaling the presence of relaxed BFO. The reciprocal space map ͑RSM͒ in Fig. 1͑f͒ indicates that is also in-plane relaxed. A broad shoulder of lower intensity is visible in the -2 scan at around 44.84°͑ labeled S͒. The corresponding RSM reflection ͑marked by a dotted ellipse͒ indicates an in-plane parameter coincident with that of the substrate, corresponding to an epitaxially strained BFO phase having a BFO = 3.905 Å and c BFO = 4.04 Å. Therefore, relaxed and strained BFO coexist. Finally, the peak at 2 Х 43.2°corresponds to CFO͑004͒ with c CFO = 8.37 Å; this value is smaller than that of the bulk CFO and thus it is compressive strained along c-axis. RSM indicate that CFO is fully in-plane relaxed and therefore the CFO out-of-plane strain is not caused by the substrate. Moreover, in that case one should observe an elongation of the c-axis of CFO rather than a compression ͑a CFO,bulk / 2 = 4.196 Å, a STO = 3.905 Å͒. To corroborate these statements, local measurements were performed by HRTEM. Figure 1͑g͒ shows a region with a triple interface including substrate and both CFO and BFO phases, which interface is formed by ͑111͒ plane. Similar inverted CFO pyramids close to the substrate were reported for CFO-BFO 12 and CFO-PTO 13 nanocomposites. Arrows and FFT filtered areas in insets mark the dislocations in both CFO/STO and CFO/BFO interfaces. To measure the in-plane deformation of CFO and BFO phases relative to the STO substrate ͓Fig. 1͑h͔͒, we used the method described in Ref. 14. One first notices that there is no inplane misfit contrast of BFO respect to STO, thus indicating that, in the imaged area, the BFO is fully epitaxially strained by the substrate. In contrast, the in-plane misfit of CFO with respect to STO is 7.4% Ϯ 0.9% signaling a complete in-plane relaxation ͑mismatch CFO/ STO= 7.45%͒, in agreement with XRD data. On the other hand, HRTEM images evidence lattice matching and some dislocations across the BFO-CFO interface ͓see the Fourier filtered areas in the inset of Fig.  1͑g͔͒ , signaling semi-coherence.
Out-of-plane shrinking of the CFO unit cell was already observed in BFO-CFO 9,10 and BaTiO 3 -CFO nanocomposites 1,15 on STO substrates. It was proposed to be elastic residual strain caused by the ferroelectric phase, since both BFO and BaTiO 3 nanocomposite phases cause compressive stress on CFO along the growth direction ͑a BFO bulk = 3.96 Å, c BTO bulk = 4.038 Å, and a CFO bulk / 2 = 4.195 Å͒. This assumption would be now supported by our experimental observation that the in-plane CFO parameter is the bulk one and thus substrate-induced c-axis epitaxial deformation can be discarded. Moreover, vertical deformation of CFO by BFO would be expected considering the higher stiffness of BFO ͑Ref. 16͒ compared to CFO, 17 in agreement with recent observations of vertical strain in columnar nanocomposite films of other complex oxides. 11 To definitively determine if the CFO residual strain is elastic and caused by the BFO phase, we removed the BFO matrix by selective chemical etching. First, the removal of regions, whereas after etching the contrast is basically due to topography. To determine the impact on the CFO out-ofplane residual strain XRD -2 scans were measured before and after etching ͓Fig. 2͑d͔͒. The CFO peak does not change appreciably upon etching, while the intensity of the BFO peaks is strongly reduced, with the BFO relaxed peak vanished. The remarkable result is that there is no shift in the CFO peak after the removal of BFO, and therefore, contrary to previous assumptions, the CFO vertical strain is of nonelastic nature. The reason causing this strain remains unknown, but we would like to mention as a possible cause slight chemical modifications ͑oxygen/cation disorder or even chemical intermixing͒ occurring during growth to reduce interfacial stress by partially adapting its parameter to that of BFO, as has been recently reported to occur in heteroepitaxial growth of other complex oxides. 18 It is still to be elucidated to which extent the vertical strain found in other columnar nanocomposites 11 is caused by the elastic interaction between the two phases or is of nonelastic nature as found here for BFO-CFO.
As the relaxed interface in the nanocomposites could reduce the mechanical coupling between the two nanocomposite phases, we characterized the switching behavior. Magnetic force microscopy ͑MFM͒ measurements after magnetizing in a 2 T field ͓Fig. 3͑a͔͒ showed about 80% of the CFO columns magnetized in the field direction, in agreement with SQUID measurements ͑not shown here͒ of a macroscopic remnant magnetization at 60% of the saturation magnetization. Piezoresponse force microscopy ͑PFM͒ measurements confirmed the ferroelectric nature of the BFO matrix, showing its as-grown polydomain state ͓Fig. 3͑b͔͒. Defined regions were alternately poled with +12 and Ϫ12 V. Polarization switching was confirmed by PFM images at each step, while MFM was used to probe its effect on the CFO magnetization ͓Figs. 3͑a͒ and 3͑c͒, before and after poling with Ϫ12 V, respectively͔. In Fig. 3͑d͒ we show the difference image obtained by subtraction of MFM images collected before and after Ϫ12 V poling. The difference image reveals a magnetization reversal in 12% of CFO pillars as a result of BFO polarization switching, with similar results when a +12 V poling was used. It indicates the presence of a magnetoelectric coupling: the electrical poling causes strain in BFO by converse piezoelectric effect, the strain propagates to CFO by mechanical coupling at the BFO-CFO interface, and finally the magnetization of CFO columns is reversed by magnetostriction. We notice that previous studies on BFO-CFO composites showed 50% reversal under similar experimental conditions. 19 The lower switching percentage observed in our sample is probably due to different ferromagnetic column size and distribution.
In conclusion, CFO nanopillars in biferroic CFO-BFO nanostructures with relaxed in-plane lattice parameter present compressive strain in the out-of-plane direction. This strain is not relieved after selective chemical etching of the BFO matrix and thus is of nonelastic nature. The two phases nonetheless present semicoherent interface and couple mechanically effectively enough for experimental confirmation of magnetoelectric coupling.
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